According to first-principles calculations performed on Ce-doped and Ce,La-codoped yttrium aluminum garnet (YAG) Y 3 Al 5 O 12 , the effect of La-codoping on the local structure around Ce defects in Ce:YAG is an anisotropic expansion in overall, in opposition to recent propositions of local lattice compression. Its effect on the lowest Ce 3+ 4f → 5d transition is found to be a red shift, in agreement with experiments. The red shift is the result of a decrease of the difference between the energy centroids of the 5d 1 and 4f 1 configurations and an increase of the effective ligand field on the Ce-5d shell associated with electronic effects of La substituting for Y. These effects are mitigated by the ligand field decrease associated with the local expansion around Ce, which gives a blue shift contribution of a smaller value. The behavior of the energy difference between the centroids of the configurations cannot be anticipated by the usual model for this quantity, in spite of its usefulness to rationalize 5d → 4f luminescences. The second 4f → 5d transition is found to be blue shifted upon La-codoping, also in agreement with experiments.
I. INTRODUCTION
Yttrium aluminum garnet Y 3 Al 5 O 12 , or YAG, doped with Ce 3+ is a blue-to-yellow downconverter phosphor used in white light solid-state lighting devices. 1, 2 Controlling the color of these devices is considered one of the important issues governing the success of these technologies 3 and one of the methods used for this purpose is codoping. [4] [5] [6] [7] Codopants are long ago known to be able to act as co-activators 6 and as wavelength shifters. 1, [8] [9] [10] In the case of Ce:YAG, Gd 3+ and La 3+ are known to shift the 5d → 4f yellow luminescence of the Ce 3+ defects to longer wavelengths (red shift), whereas codoping with Ga 3+ and In 3+ shifts the luminescence to shorter wavelengths (blue shift). 1, 4, [8] [9] [10] The effects of these codopants on the 4f → 5d absorptions have not deserved the same attention as the luminescence. In this respect, the early experiments of Blasse and Bril 1 already showed the same red and blue shifts of the first 4f → 5d absortion band upon Gd and Ga codoping, respectively.
Interestingly, the second 4f → 5d absortion band was shown to experience the opposite shifts: blue shift upon Gd codoping and red shift upon Ga codoping.
Not much is known on the details of the relationship between the structure of the local defects and the red or blue shift induced by codoping, but an empirical rule states that substitutions of the dodecahedral Y 3+ by larger ions gives red shift whereas substitutions of the octahedral Al 3+ by larger ions gives blue shift of the Ce 3+ 5d → 4f luminescence (and of the first 4f → 5d absortion) in Ce:YAG. 4, 9, 10 However, the lattice constant increases in both types of substitutions 9 and this complicates the interpretations based on the changes in the local crystal field around the Ce 3+ 5d shell created by the codopings.
simultaneous knowledge of the local structures of the substitutional defects at the atomistic level and of the energies of the electronic transitions involved in the luminescence, and, accordingly, of their mutual dependence. This paper is addressed at linking the structural changes induced in Ce:YAG by La-codoping with the energy differences between the local states of the Ce defects of main character Ce 3+ -4f 1 and Ce 3+ -5d 1 that are responsible for the absorptions and luminescences of the Ce:YAG and Ce,La:YAG materials. Since both La and Gd produce the same qualitative shifts in Ce:YAG and they are expected to do it for a common reason, 10 we think the conclusions of this study can be extended to the effects of Gd-codoping. Gd-codoping of Ce:YAG is, however, more complicated to handle than La-codoping from the computational point of view, due to the large number of open-shell electrons in Gd 3+ .
We report periodic-boundary-conditions density-functional-theory (DFT) 11, 12 calculations, which provide optimum (occupied and virtual) orbitals for the embedded clusters in their ground and excited states, and continue with second-order many-body perturbation theory (CASPT2) [16] [17] [18] [19] calculations, which provide the ground and excited state energies of the embedded clusters involved in the Ce 3+ 4f → 5d optical absorptions.
The calculations show that La-codoping induces a strongly anisotropic distortion around the Ce defects which is an expansion in overall. Also, it induces a red shift of the first Ce
3+
4f → 5d absorption which is in agreement with the experiments. The factors that govern the red shift are clarified by means of the analysis of the evolution of these absorptions with the structural and electronic changes induced by La-codoping. The second 4f → 5d absorption is found to experience a blue shift.
The details of the calculations are presented in Sec. II, the results are discussed and analyzed in Sec. III and the conclusions presented in Sec. IV. Let us now discuss the shifts of the 4f → 5d transitions of Ce:YAG upon La-codoping.
II. DETAILS OF THE CALCULATIONS
As we see in Table II , the present calculations predict a red shift (of 220 cm −1 ) of the first of these absorptions, which is the one that corresponds to the observed emission of the material.
This is in agreement with experiments. In effect, red shifts of the 5d → 4f luminescence In any case, we think the computed red shift might be overestimated, because Tien et al. 9 obtanied an approximate rate of 80 cm −1 red shift per 10 atom % of Gd codoping for the excitation peak of Ce,Gd:YAG, whereas the theoretical 220 cm −1 red shift corresponds to 4.1 atom% of La codoping and La produces smaller red shifts than Gd.
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Blasse and Bril 1 also measured the effect of Gd-codoping on the second 4f → 5d absorption of Ce:YAG, which resulted to be a blue shift, in opposition to the red shift of the first absorption. They found a 200 cm −1 blue shift upon 50 atom % of Gd codoping (from 29400 cm −1 to 29600 cm −1 ). Our result in Table II is also a blue shift for La-codoping. As before, we think the value of 586 cm −1 is overestimated. The fact that the shifts of the two first 5d 1 levels have opposite signs is an indication of the strong anisotropy of the effects of the present codopings, because both states would be expected to shift more or less uniformly under isotropic perturbations, such as uniform increments or decrements of the ligand field.
Shifts of higher 5d 1 states, as well as of 4f 1 and 6s 1 states, upon codoping have not been reported, to the best of our knowledge. The calculations predict much smaller shifts of the 4f 1 states than the lowest 5d 1 states, and a much larger shift of the 6s 1 state.
Given that the first-principles calculations provide the right signs of the shifts, not only of the first 4f → 5d transition (which supports that of the 5d → 4f luminescence), but also of the second 4f → 5d transition, it is interesting to analyze the reasons behind the shifts, specially because the interpretation by means of an increase of the ligand field as a consequence of a local compression around Ce (Ref . 7) is not supported by the first-principles structures calculated here and shown above. We must keep in mind that the effective ligand field on the 5d shell, as measured by the 5d shell splitting, does not only result from the distances between ligands and Ce, but also from bonding and electronic effects in general.
Besides, not only the effective ligand field on Ce can change upon La-codoping, but also the energy difference between the averages of the 5d 1 and 4f 1 manifolds (5d 1 and 4f 1 centroids), and both of them can contribute to the red shift of the first transition and the blue shift of the second.
We can use the diagram of Fig. 2 in order to analyze the different contributions of codoping on the individual 4f → 5d transitons. According to the diagram, the transition energy between the lowest states of the Ce-4f 1 and Ce-5d 1 electronic configurations, which we will call here 1 − 4f 1 and 1 − 5d 1 for simplicity, can be expressed as the sum of a centroid contribution and a ligand-field contribution,
The centroid contribution is the energy difference between the averages of the two configurations,
and the ligand-field contribution is the difference between the stabilization energies of the initial and the final states with respect to their configurational averages,
and its embedding potential is that of Ce:YAG. In calculation B, the only change with respect to A is the set of atomic coordinates of the (CeO 8 Al 2 O 4 ) 15− cluster, which are the ones it has in Ce,La:YAG. The changes from A to B are the direct effects of the first coordination shell distortion. In C, the atomic coordinates of the embedding potentials are those in Ce,La:YAG but we keep using the embedding potential of the Y 3+ ion instead of the one of La 3+ , so that the changes from B to C are only due to long-range lattice distortions.
Finally, in D we substitute the Y 3+ embedding potential by the one of La 3+ , so arriving to the real calculation on Ce,La:YAG. The changes from C to D are solely due to the electronic effects of the La Y substitutional defect. The analysis of these effects are shown in Table IV .
In the last column of Table IV, 
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The blue shift of the second 4f → 5d transition (586 cm 
